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SUMMARY 
This paper presents the result of experiments 
conducted to determine the normal component of induced 
velocity in the flow-field of a two-bladed lifting rotor 
hovering at a height of one rotor radius above the ground. 
The information was obtained using the electromagnetic 
analogy developed in reference 1, in which a smoke technique 
was utilized to determine the tip vortex geometry for a two-
bladed lifting rotor hovering at a height of one rotor 
radius. A wire model, built to simulate the tip vortex shed 
by one blade of the model rotor and a constant blade bound 
vortex, was used in the experiments for the current paper. 
The component of the magnetic field strength normal to the 
tip path plane was measured at various points about the 
model and its image. The measurements covered the region 
extending 0.4 rotor radius above and below the tip path 
plane and outward to 3,0 rotor radii. The measured compo-
nents of magnetic field strength were converted to induced 
velocities nondimensionalized in terms of the rotor radius 
and the tip vortex strength. 
The values obtained for the wake and its image were 
added by the principle of superposition to give a total non-
dimensional induced velocity for the vortex system of one 
Vlll 
blade. Effects of the second vortex system were then 
evident from the system s symmetry and were included to give 
total values for the two-bladed rotor. The final results 
are given in graphical form and show the nondimensional 
normal component of induced velocity in five planes parallel 
to the tip path plane, 
A method is presented for using the graphs to esti-
mate downwash velocities on a helicopter fuselage and the 
interference induced velocities arising from a second two-
bladed rotor mounted side-by-side or in tandem. A sample 




Many lifting rotor problems require a knowledge of 
the induced velocities in the vicinity of the rotor. These 
velocities are induced by the vortex system of the rotor 
itself and they are supplemented by the velocities induced 
by any other vortex system in the flow field. This study is 
concerned with the determination of the normal component of 
the induced velocity for a two-bladed rotor hovering in 
ground effect„ 
Most studies of the induced flow field about a rotor 
in ground effect assume that the rotor wake vortex distribu-
tion consists of a right circular vortex cylinder, made up 
of an infinite number of vortex rings of infinitesimal 
strength, extending from the tip path plane to the ground 
along with the image of the cylinder below the ground plane. 
This is not truly representative of the actual wake and it 
follows that a study of the induced velocity based on the 
actual wake vortex distribution should give better results. 
This study, therefore, utilized the hovering model of refer-
ence 1, in which a smoke technique was used to determine the 
actual tip vortex geometry for a two-bladed lifting rotor. 
An electromagnetic-anaLogy wire model, shown in figure 1, 
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was constructed from the smoke studies. The induced 
velocity at each point was calculated from a measurement of 
the magnetic field strength at that point in the vicinity of 
the wire model., In reference 1, induced velocities were 
given only for positions along the blade axes. The current 
report gives normal induced velocities in five planes at 
nondimensional distances from the tip-path plane of h/R = 
-0,4, -0.2, 0, 0a2, and 0,4, and extending outward three 
rotor radii, 
Sample problems are included to demonstrate possible 
uses for the experimental data contained herein, A typical 
single-rotor helicopter was chosen for which downwash veloc-
ities over the fuselage were estimated. Also, a tandem-
rotor helicopter was chosen and the approximate values of 
the nondimensional interference induced velocity determined 
over the disks of both rotors. The sample problems assume 
the flow from an isolated rotor may be superimposed upon 
objects in the flow field, such as the helicopter fuselage, 
or upon the flow from other rotors, This is not strictly 
valid since the geometry of the wake vortices would be 
influenced by obj ects in the flow field or the flow from 
other rotors. The method of superposition should, however, 
give a good first approximation, 
3 
CHAPTER II 
APPARATUS AND EXPERIMENTAL PROCEDURE 
The equipment used for the experimental portion of 
this thesis consisted of five basic components: 
1. The primary coil, (wire model of the tip 
vortex helix) 
2. The reference coil 
3. The secondary coil (search coil) 
4o The amplifier and output meter 
5. The power supply 
This equipment was essentially the same as used for 
the experiments of reference 1, in which only the tip vortex 
was simulated, except that the wire lead-in was extended 
across the blade feathering axis to represent the blade 
bound vortex. 
The basic components are described as follows: 
Primary coil (tip vortex model),--As described in reference 
1, the electromagnetic model was constructed from data 
obtained from a study of smoke pictures taken of a two-
bladed, teetering type, four-foot diameter model rotor with 
zero coning angle. The blades had an NACA 43015 airfoil 
section, a square tip with a chord of 1.508 inches, a taper 
ratio of 2/1, and a solidity ratio of 0.05. 
The structure supporting the wire vortex model was 
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made from fiberboard and plywood as shown in figure 1. 
No, 17, Brown and Sharpe gages copper wire was used and 
wrapped upon the support to simulate the tip vortex helix. 
From the tip of the blade the wire was brought to the center 
of the tip path plane along the blade feathering axis and 
down through the axis of the rotor to the ground plane, 
Thus the measured values of the normal component of magnetic 
field strength included the effects of the wire simulating 
the blade bound vortex but not the effects of the wire along 
the rotor axis as it was always parallel to the axis of the 
search coilo The lead-in wires were placed in the ground 
plane and their contribution cancelled out by the superposi-
tion of the image which was derived from the same model. 
Outside the model the leads were connected to a twisted pair 
from the power supply. The wire vortex model had a simu-
lated rotor radius of six inches, the tip path plane was six 
inches above the ground plane, and the wire helix spiraled 
downward and outward to a radius of eighteen inches. 
Reference coil.--The reference coil consisted of nine 
closely spaced turns of No. 17 gage wire wrapped on a plexi-
glass ring., This coil was in series with the wire model and 
located far enough from the model so that it did not affect 
the results. The meter readings were referenced to the 
magnetic field strength at the center of this coil. The 
reference coil is shown in figure 2C 
Search coil,--The search coil consisted of 1000 turns of 
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No. 40, Brown and Sharpe gage, copper wire wound on a plexi-
glass core mounted on a plexiglass support as shown in 
figure 3. The coil had a diameter of 0,35 inches to the 
center of the wire bundle which had a cross section approxi-
mately „09 inches square„ A coaxial cable was used to 
connect the search coil to the amplifier. 
Amplifier and output meter.--The pickup circuit included a 
commercial standing wave indicator in addition to the search 
coil and coaxial cable described above. This indicator, 
which had a maximum sensitivity of 0.1 microvolt, consisted 
of an indicating meter,, a high-gain 400 cycle fixed-
frequency amplifier with a calibrated gain control covering 
a 60 decibel range, and a narrow 400 cycle band-pass-filter 
network which had a sharp cutoff at 400 + 5 cycles per 
second. The input impedance of the amplifier was 200,000 
ohms, sufficient to eliminate any calibration of the meter 
scale. The amplifier was placed in a separate room from the 
field coils to eliminate any appreciable magnetic coupling 
from these coilsu The standing wave indicator is shown in 
figure 4, 
Power supply.--The power supply was a 400 cycle aircraft 
alternator driven by a synchronous motor. Other components 
in the circuit included a voltmeter, ammeter, variable 
resistors and capacitors. The resistors were adjusted to 
allow approximately 3 amperes current and the capacitors 
were adjusted to place the entire circuit in resonance. The 
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power supply system was in another room to minimize direct 
magnetic coupling. A schematic drawing of the system is 
shown in figure 5. 
Field survey procedure.--The primary coil circuit was given 
a warm-up period of forty-five minutes prior to any surveys. 
The search coil was then positioned in the plane of, and 
coaxially with, the reference coil. The meter reading was 
then noted. For all subsequent measurements of the refer-
ence coil field strength the meter reading was adjusted to 
the original value using the calibration control. The 
magnetic field strength about the wire model was then 
measured at points along radial lines extending from the 
axis of the model out to three rotor radii. This was done 
for the angle f = 0°, 45% 90% 135% 270% and 315° 
measured from a blade feathering axis in the ip = 0° position. 
The measurements were made in planes parallel to the tip 
path plane at h/R = -0.4, -0.2, 0.0, 0.2 and 0.4. 
The effect of the ground plane was determined by the 
method of images, using the same model as the image. The 
model was raised from the table on wooden supports and 
measurements taken in planes below the tip path plane at 
distances of 1.6, 1.8, 2.05 2.2 and 2.4 rotor radii. Thus 
the resultant normal component was found by taking the 
difference of the nondimensional normal induced velocity 
obtained from the first set of data and that value obtained 
from properly corresponding points in the second, or 
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ii . ii . image, set. 
During all experiments the search coil was frequently 
returned to the calibration position at the center of the 
reference coil. 
Reduction of data.--The output meter was calibrated in deci-
bels and it was necessary to convert the meter readings into 
equivalent values of the nondimensional normal component of 
induced velocity. This conversion was accomplished through 
the following formulas derived in reference 1: 
Bp a n t i l o g 0 .1 (MR)p 
Bjjj" " a n t i l o g 0 .1 (MR)N 
wR _ n/_m\_P 
r "" 2^R ; B„ c N 
where 
Bp magnetic flux density at point under 
cons iderat ion 
B„ magnetic flux density at center of reference 
coil 
MR meter readings decibels 
w component of tip-vortex induced velocity 
normal to the rotor disk 
R rotor radius 
n number of turns on reference coil 
R wire model rotor radius m 
R radius of reference coil c 
The direction of the induced velocity w was 
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determined from the vortex geometry and a study of the 
trends in the experimental data. 
After each meter reading was converted as described 
above, it was then possible to obtain the resultant normal 
component by superposition. The resultant contribution of 
the vortex system of one blade was found by taking the 
difference of the values obtained from the model and the 
values obtained from its image. An example is given in 
figure 6 (a), which shows the measurements made for the tip 
vortex and its image, and the resultant, for points along 
the 45° - 225° line at a height h/R of -0.4. In this exam-
ple the blade is at f = 0°, 
The symmetry of the hovering rotor allows us to add 
the effects of the vortex system of the second blade without 
further measurements. For example, the values obtained at 
ty = 45° for a single blade at I\J = 0° are identical, by 
symmetry, to those obtained at f = 225° for a single blade 
at if/ = 180° o Therefore we may add the values obtained at 
ip = 45° and if/ = 225° for the vortex system of the single 
rotor blade to obtain the total normal induced velocity for 




Figures 7 (a) - 7 (e) show the nondimensional normal 
component of induced velocity, wR/f, that was associated 
with the vortex system, for the horizontal planes at nondi-
mensional distances from the rotor pLane of h/R = -0.4, 
-0o2, 0, 0.2, and 0.4, respectively., These figures graphi-
cally present the results obtained for a two-bladed rotor 
hovering at a height of one rotor radius with the blades in 
the 0° - 180° position. 
Because of the physical interference between the 
search coil and wire helix no measurements could be taken 
closer to a wire than approximately .05 R laterally and .015 
R vertically. Values for points closer to the wire had to 
be evaluated by extrapolation. 
In the plane of the rotor large changes occur in the 
normal component of induced velocity when surveying perpen-
dicular to, and in close proximity with, the wire 
representing the blade feathering axis. Since such changes 
would actually be distributed over the blade chord, this 
region is deleted in figure 7 (c). 
The results herein presented are exactly applicable 
only to rotors having the same vortex geometry as the 
electromagnetic-analogy wire model used in the experiments. 
It is believeds however^ that the results may be used with 
engineering accuracy for systems having thrust coefficients 
not appreciably different from the value of C™ ̂  .004 
measured for the model rotor in reference I, on which the 
wire model was based. Figure 8 gives a comparison of the 
distribution of the normal component of induced velocity 
along the blade axis, as taken from the experimental results 
shown in figure 7 (c), with the mathematical results 
obtained by Knight and Hefner in reference 3. The curves 
compared are for approximately equal values of induced 
velocity at the blade thrust center. 
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CHAPTER IV 
APPLICATION OF RESULTS 
Estimation of mean downwash velocities over the fuselage of 
a typical two-bladed single rotor helicopter.--In many heli-
copter design problems it is necessary to estimate the local 
velocities on some portion of the aircraft. As an illustra-
tion of the use of the experimental data contained herein, 
it was assumed that a designer needed the downwash veloci-
ties on a helicopter fuselage located approximately 0.2 R 
below the plane of the rotor. For the purpose of this 
example a typical two-bladed single-rotor helicopter is 
assumed to be hovering with the rotor plane at a height of 
one rotor radius above the ground. The following pertinent 
data was assumed: 
Weight = 2000 lbs. 
Rotor radius, R = 20 ft„ 
Angular velocity of the rotor, £l = 30 radians/sec. 
In order to use the values of nondimensional induced 
velocity given in figure 7S the assumed constant blade 
circulation, i% for the sample helicopter was computed as 
follows: 
C = W _ _ _ 2000 . Q 0 0 3 n 
1 V("R) A h(.00238)(600)zir(20)/ 
12 
r =
 Zwa*°T: . 2W(30)(20)
2(.00371) . 1 4 Q f t 2 / s e c 
Figure 7 (b) was utilized to construct a plot of nondimen-
sional induced velocity, wR/F, against azimuth angle for 
several distances from the hub, and the plots averaged by 
numerical integration„ The plots, and the results of 
numerical integration, are shown in figure 9. The mean 
values of nondimensional induced velocity, wR/T, were multi-
plied by the factor T/R to obtain mean downwash velocities 
which were then plotted against the rotor radius in figure 
10. 
Estimation of interference induced velocities in the plane 
of both rotors of a two-bladed tandem-rotor helicopter.--
The data in figure 7 may be used to estimate the interfer-
ence values of the normal component of induced velocity 
arising from the addition of a second rotor to the system. 
Although it is recognized that the wake vortex system of an 
isolated rotor is not exactly the same as that of a rotor in 
a tandem-rotor system, the technique of superposition was 
used as a first approximation for a sample problem. 
For this sample problem the helicopter was assumed to 
be hovering with the rotors one rotor radius above the 
ground. The rotor axes are spaced two rotor radii apart and 
are operating 90° out of phase with each other. From an 
inspection of figure 7 it is obvious that the interference 
normal induced velocities are time dependent and vary with 
the position of the blade axes. For a complete study it 
would be necessary to analyze the system for all azimuth 
angles of the rotor blades. For this example the interfer-
ence normal induced velocities will be determined only for. 
the situation where the blades of one rotor are in the 0° -
180'3 position and the blades of the other are in the 
90" - 270"' positiono The general configuration is shown in 
figure 8. 
The interference velocities are determined by 
constructing circles representing the second rotor disk in 
the proper geometric position on figure 7 (c) and reading 
the nondimensional normal component directly at the desired 
radial and azimuth coordinates within the inscribed circle. 
This is illustrated by figures 11 and 12, wherein the 
induced velocities for two points at .75 R on the blade 
axes, as shown in figure 11, are located in figure 12. It 
should be noted that the position of the inscribed circle 
will rotate around the central axis as the phase angle of 
the blades change, 
CHAPTER V 
CONCLUSIONS 
It is believed that the experimental results 
contained herein are of engineering accuracy when used for 
two-bladed rotor systems having thrust coefficients not 
appreciably different from the value of C™ £* .004 measured 
for the model rotor in reference 1, on which the wire model 
was based. The helical wire wake-vortex model used should 
produce more realistic results than are obtained by studies 
in which a cylindrical wake is assumed. 
The values of the nondimensional normal component of 
induced velocity, wR/r, given in figure 7 should be useful 
for estimating local velocities in the flow field of a two-
bladed rotor hovering at approximately one rotor radius 
above the ground. A sample problem is given in which the 
downwash velocities on the fuselage are estimated for a 
typical two-bladed single-rotor helicopter. In a second 
sample problem a method is given for estimating the inter-
ference induced velocity over the rotor disks of a 
two-bladed tandem-rotor helicopter. 
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